Picard M, White K, Turnbull DM. Mitochondrial morphology, topology, and membrane interactions in skeletal muscle: a quantitative threedimensional electron microscopy study. J Appl Physiol 114: 161-171, 2013. First published October 25, 2012 doi:10.1152/japplphysiol.01096.2012.-Dynamic remodeling of mitochondrial morphology through membrane dynamics are linked to changes in mitochondrial and cellular function. Although mitochondrial membrane fusion/fission events are frequent in cell culture models, whether mitochondrial membranes dynamically interact in postmitotic muscle fibers in vivo remains unclear. Furthermore, a quantitative assessment of mitochondrial morphology in intact muscle is lacking. Here, using electron microscopy (EM), we provide evidence of interacting membranes from adjacent mitochondria in intact mouse skeletal muscle. Electron-dense mitochondrial contact sites consistent with events of outer mitochondrial membrane tethering are also described. These data suggest that mitochondrial membranes interact in vivo among mitochondria, possibly to induce morphology transitions, for kiss-and-run behavior, or other processes involving contact between mitochondrial membranes. Furthermore, a combination of freeze-fracture scanning EM and transmission EM in orthogonal planes was used to characterize and quantify mitochondrial morphology. Two subpopulations of mitochondria were studied: subsarcolemmal (SS) and intermyofibrillar (IMF), which exhibited significant differences in morphological descriptors, including form factor (means Ϯ SD for SS: 1.41 Ϯ 0.45 vs. IMF: 2.89 Ϯ 1.76, P Ͻ 0.01) and aspect ratio (1.97 Ϯ 0.83 vs. 3.63 Ϯ 2.13, P Ͻ 0.01) and circularity (0.75 Ϯ 0.16 vs. 0.45 Ϯ 0.22, P Ͻ 0.01) but not size (0.28 Ϯ 0.31 vs. 0.27 Ϯ 0.20 m 2 ). Frequency distributions for mitochondrial size and morphological parameters were highly skewed, suggesting the presence of mechanisms to influence mitochondrial size and shape. In addition, physical continuities between SS and IMF mitochondria indicated mixing of both subpopulations. These data provide evidence that mitochondrial membranes interact in vivo in mouse skeletal muscle and that factors may be involved in regulating skeletal muscle mitochondrial morphology. skeletal muscle mitochondria; myofiber; outer mitochondrial membrane; scanning and transmission electron microscopy; mitochondrial reticulum SKELETAL MUSCLE FIBERS PERFORM energetically demanding functions (contraction, rapid cycles of ion transport, gene expression, and protein synthesis) requiring large amounts of ATP supplied in large part by mitochondria.
supplied in large part by mitochondria. 1 A unique and relatively recently discovered feature of mitochondria is their ability to fuse and divide, collectively known as mitochondrial dynamics (6, 39) . Dynamic remodeling of mitochondria from spheroid, bean-shaped structures to elongated tubules, and vice versa, is now understood as an integral aspect of mitochondrial biology. Mitochondrial fusion and fission regulate the autophagy quality control system (35, 37) and apoptotic sensitivity (19, 38) and may act as a metabolic sensing mechanism influencing cell survival in response to nutritional stress (11, 25, 30) and possibly muscle atrophy (31) . Furthermore, the genes encoding mitochondrial dynamics proteins have been identified and genetic disruptions of either mitochondrial fusion or fission components impair embryonic development (7, 14) , cause the accumulation of mitochondrial DNA impairments in muscle fibers (8) , and lead to neuromuscular disorders in humans (40, 41) . Other work also suggests that low levels of the mitochondrial fusion protein mitofusin 2 (Mfn2) impair skeletal muscle insulin sensitivity in diabetes (2, 12) . Collectively, this evidence has been taken to imply that mitochondria normally undergo fusion and fission in vivo and that disrupting these processes, and therefore mitochondrial morphology, negatively impairs the function of skeletal muscle.
However, although mitochondria continuously undergo morphological changes in the order of seconds to minutes in the cytosol of proliferating cultured cells (36) , direct evidence of mitochondrial membrane interactions (a prerequisite for mitochondrial dynamics) in skeletal muscle fibers is scarce (24) . Furthermore, methods to examine and quantify mitochondrial shape in intact myofibers are required to determine whether changes in mitochondrial morphology are linked to specific physiological functions of skeletal muscle fibers.
Here, building from previous work by others (4, 16, 17, 22) , we used a combination of freeze-fracture scanning electron microscopy (SEM) and resin-embedded transmission EM (TEM) in both longitudinal and transverse planes of mouse soleus muscle to characterize mitochondria topology and quantify their morphology. Our novel quantitative approach revealed that standard morphological parameters for both subsarcolemmal (SS) and intermyofibrillar (IMF) mitochondria differed extensively and were generally skewed in their distri-butions. In addition, several sites of mitochondrial membranes interaction were apparent among and between IMF and SS compartments, contributing new evidence that mitochondrial membranes dynamically interact in vivo, possibly to accomplish fusion/fission (34) , kiss-and-run (20) , or for other physiological processes within intact muscle fibers.
METHODS
Animals and tissue collection. Eight-week-old female C57BL/6 mice were studied. Mice were group housed with free access to food and water until the morning preceding the experiments, when three mice derived from different litters were killed by cervical dislocation during the dark phase of the light cycle (22:15) . Within 1-1.5 min following death, the soleus was dissected, cut into two equal halves, and fixed by immersion into fixative for either transmission electron microscopy (TEM) or scanning electron microscopy (SEM). Tissues thereafter remained in fixative overnight at room temperature and Ͼ48 h at 4°C before processing for electron microscopy. All animal procedures were approved by the University of Newcastle Animal Care and Ethics Committee.
TEM. For TEM, half of the mouse soleus was immediately fixed in a 2% glutaraldehyde solution in 0.1 M cacodylate (TAAB Lab Equipment) buffer, pH 7.4. Muscle samples were then postfixed in 1% osmium tetroxide (OsO 4, Agar Scientific) for 1 h and dehydrated in sequential steps of acetone (25%, 50%, 75%, and 100% twice) prior to impregnation in increasing concentrations (25%, 50%, 75%, and 100% three times) of resin (TAAB Lab Equipment) in acetone over a 24-h period. The half soleus was cut into smaller segments and embedded either in transverse (TS) or longitudinal (LS) orientation in 100% resin at 60°C for 24 h. To verify orientation and section quality, 1-m-thick sections were cut and stained with 1% toluidine blue in 1% borax. Ultrathin sections of 70 nm were subsequently cut using a diamond knife on a Leica EM UC7 ultramicrotome. Sections were stretched with chroloform to eliminate compression and mounted on Pioloform filmed copper grids prior to staining with 2% aqueous uranyl acetate and lead citrate (Leica). Ultrathin sections were examined on a Phillips CM 100 Compustage (FEI) transmission electron microscope, and digital micrographs were captured by an AMT CCD camera (Deben) .
To analyze SS mitochondrial morphology, muscle in the LS orientation was photographed at ϫ19,000 magnification. Regions containing numerous SS mitochondria were selected for analysis. For IMF mitochondria, muscle in the TS orientation was imaged at ϫ7,900 magnification. To ensure optimal transverse orientation at the subcellular level (relative to the Z-line) (see Fig. 1D ), muscle fibers presenting no more than two Z-lines separated by a minimum of 10 -15 m were selected for analysis. For each animal, five to six mitochondria-rich muscle fibers were analyzed in both TS and LS, for which at least two micrographs were captured, allowing the analysis of ϳ40 IMF and 40 SS mitochondria per myofiber. A total of 505 SS and 653 IMF mitochondria were analyzed. The coefficient of variation (CV) for average mitochondrial size between myofibers was of 48.6% for SS and 15.6% for IMF mitochondria, whereas the CV between animals was 34.0% and 8.4%, respectively. For aspect ratio, a measure of mitochondrial shape, the CV between myofibers was of 12.4% for SS and 14.4% for IMF mitochondria, whereas the CV between animals was 2.5% and 5.9%, respectively.
To quantify mitochondrial interactions among SS and IMF mitochondria, micrographs of muscle photographed in the longitudinal orientation at ϫ19,000 (SS) and ϫ13,500 (IMF) were used. In the IMF compartment, a total of 750 Z-lines possessing mitochondria on both sides, either as pairs of discrete organelles (Fig. 3A) , as a continuous mitochondrion (Fig. 3B) , or as interacting organelles (Fig.  3C) , were analyzed, and the proportion of Z-lines spanned by a continuous or interacting mitochondria is reported as a percentage of the total. In addition, 437 SS and 667 IMF physical contacts sites between adjacent mitochondria were evaluated for the presence of electron density. The proportion of all mitochondrial contact sites between organelles that were electron dense is reported as a percentage.
SEM. For SEM, the other half of the mouse soleus was immediately fixed in a 1% glutaraldehyde (TAAB Lab Equipment) and 0.5% paraformaldehyde (Sigma 158127) solution in a 0.060 M cacodylate (TAAB Lab Equipment) buffer, pH 7.4. For processing, fixed samples were rinsed twice in 0.067 M cacodylate buffer and subsequently immersed in DMSO (Sigma D2650) for 5-10 min. Then, the fixed samples were snap frozen in liquid nitrogen-cooled isopentane (Sigma 277258) for 5-10 s and immediately fractured by applying lateral pressure within a custom designed liquid nitrogen-cooled cracking instrument. The resulting fractured specimens, ϳ0.5-3 mm in size, were rinsed three times in 0.067 M cacodylate buffer and postfixed in osmium tetroxide (OsO 4) 1% for 1 h. Samples were then transferred to OsO4 0.1% for 72-96 h to partially extract cytoplasmic components (22) . Then, muscle samples were dehydrated in sequential steps of ethanol (25%, 50%, 75%, and 100% twice) and dried with CO2 in a Baltec critical point dryer. Specimens were mounted on stubs covered with carbon disks, gold coated (15 nm) in Polaron SEM coating unit, and examined on a Stereoscan 240 scanning electron microscope. Fracture sites were observed for exposed mitochondria, and digital micrographs were captured at different magnifications with the Orion 6.60.6 software.
Morphological analysis and statistics. Mitochondrial shape descriptors and size measurements were obtained using Image J (version 1.42q, National Institutes of Health, Bethesda, MD) by manually tracing only clearly discernible outlines of SS and IMF mitochondria on TEM micrographs, as shown in Fig. 5 . Mitochondria coexisting in both SS and IMF compartments (representing less than 1% of total) were excluded from these analyses. Surface area (mitochondrial size) is reported in squared micrometers; perimeter in micrometers; aspect ratio (AR) is computed as [(major axis)/(minor axis)] and reflects the Skewness is a measure of asymmetry in distributions. A value of 0 ϭ normally or randomly distributed population; a value Ͼ0 ϭ more smaller values than expected; and a value Ͻ0 ϭ more larger values than expected. See "length-to-width ratio"; form factor (FF) [(perimeter 2 )/(4·surface area)] reflects the complexity and branching aspect of mitochondria; circularity [4·(surface area/perimeter
2 )] and roundness [4·(surface area)/(·major axis
2 )] are two-dimensional indexes of sphericity with values of 1 indicating perfect spheroids; and Feret's diameter represents the longest distance (m) between any two points within a given mitochondrion (18) . Computed values were imported into Microsoft Excel and Prism 5 (GraphPad Software) for data analysis. Statistical significance was evaluated based on 99% confidence interval (CI) of the mean. To produce frequency distributions of each morphological parameter, each mitochondrion was assigned to one of 20 bins of equal sizes and proportions were determined, yielding frequency histograms and level of skewness. A summary of the major statistical tests for each morphological parameter in SS and IMF mitochondria is presented in Table 1 .
RESULTS

Skeletal muscle mitochondria and outer membrane interactions.
We studied the morphology of the two distinct mitochondrial populations in mouse skeletal muscle: subsarcolemmal (SS) and intermyofibrillar (IMF) mitochondria. SS mitochondria reside between the sarcolemma and myofibrils, whereas IMF mitochondria are located between myofibrils (21). The combination of freeze-fractured myofibers imaged with SEM ( Fig. 1 , A and C) and resin-embedded ultrathin sections imaged with TEM ( Fig. 1 , B and D) revealed that mitochondrial morphology in skeletal muscle fibers is highly diverse.
To determine whether mitochondrial membranes interact in vivo, mitochondria were examined at high resolution. The classical dyad of IMF mitochondria across the Z-line was commonly observed ( Fig. 2A) , although continuous or interacting mitochondria across the Z-line were observed in 12.5% of cases within mitochondria-rich myofiber segments (Fig. 2, B  and C) . The outer mitochondrial membranes of adjacent IMF mitochondria were found to interact, forming mitochondrial contact sites. Mitochondrial contact sites were occasionally characterized by increased electron density (Fig. 2, C and D) , likely from the presence of large electron-dense proteins. At electron-dense contact sites, two adjacent outer mitochondrial membranes came into close juxtaposition to become indistinguishable (Fig. 2, C' and D' ). Electron densities were present at contact sites with similar prevalence among SS and IMF mitochondria, consisting of 8.7% and 7.5% of all contact sites, respectively. Irregularly shaped mitochondria with distinct inner mitochondrial membranes surrounded by continuous outer Fig. 1 . Subsarcolemmal and intermyofibrillar mitochondrial morphology in intact mouse soleus muscle fibers. Scanning electron microscopy (EM) of a freeze-fractured muscle sample (A) and transmission EM in the longitudinal plane (B), showing a myofiber's outer surface lined with collagen fibers forming the extracellular matrix. A breach within the plasma membrane exposes globular subsarcolemmal (SS) mitochondria in A, which can be observed in B between the plasma membrane and myofibrils. Scanning EM of a freeze-fractured myofiber (C) and transmission EM in the transverse plane (D) exposing elongated intermyofibrillar (IMF) mitochondria clustering around Z-lines between sarcomeres. Insets represent lower magnification micrographs with regions magnified in the main panels. PM, plasma membrane; Myofibr, myofibrils; S, sarcomeres; Cap, capillary. Scanning electron microscopy (SEM) images were captured at magnifications of ϫ10,300 (A) and ϫ1,140 (A, inset), and ϫ5,800 (B) and ϫ1,310 (C, inset). higher magnifications demonstrating electron-dense outer membranes of adjacent mitochondria that become indistinguishable at the contact sites. The arrowhead in C' indicates separation of the outer and inner mitochondrial membranes suggestive of forces acting upon the outer membrane. E: an irregularly shaped mitochondrion with distinct matrix spaces bound by (E') distinct inner mitochondrial membranes (arrows), but surrounded by a common outer mitochondrial membrane (arrowhead). OMM, outer mitochondrial membrane; IMM, inner mitochondrial membrane; MA, mitochondrial matrix. membranes were also observed (Fig. 2E) , possibly representing midpoint events of incomplete mitochondrial fusion events in which the outer mitochondrial membranes are known to fuse first, followed by the inner membranes (34) . Electron-dense contact sites of varying aspects were observed among both IMF (Fig. 3A) and SS (Fig. 3B) subpopulations.
Interactions between SS and IMF mitochondria (16, 17) were also investigated. Although SS and IMF mitochondria were generally distinct groups with distinct morphology (Fig. 4A) , we observed continuous organelles coexisting in both compartments (Fig. 4, B and C) . These organelles were characterized by more globular morphology in the SS compartment, whereas they adopted more elongated morphology within the IMF space.
Quantification of mitochondrial morphology in myofibers. Three-dimensional mitochondrial morphology was analyzed by using a combination of transmission EM in both the longitudinal and transverse planes (Fig. 5A) . Whereas SS mitochondria are mostly spherical (see Fig. 1A ) and can be visualized with similarly accurate representation in either planes, IMF mitochondrial morphology differs extensively depending on the plane selected. Whereas the longitudinal plane presented IMF mitochondria as more or less spheroid structures positioned on either sides of the Z-lines (Fig. 5B) , microscopic analysis of the transverse plane (Fig. 5C ) revealed the mitochondrial reticulum (4, 17) . During freeze fracture, myofibers were ruptured at regular intervals in a "staircase" manner to partially expose sarcomeres lined on either sides by reticular mitochondria (Fig. 5D and Fig. 1C ).
To quantify mitochondrial morphology, mitochondria were individually traced from transmission EM. The "form factor"/ "aspect ratio" distribution among SS and IMF mitochondria differed markedly (Fig. 6, A and B) . Further analysis of the major mitochondrial shape descriptors indicated that distribution of roundness, circularity, Feret's diameter, perimeter, form factor, and aspect ratio differed significantly between SS and IMF mitochondria (Fig. 7 and Table 1 ). For instance, circular mitochondria (roundness Ͼ0.8) constituted 48.5% of SS mitochondria, but represented only 8.9% of IMF mitochondria. In contrast, mitochondrial size was relatively similar between SS and IMF mitochondria (Table 1) . Furthermore, the frequency distributions for mitochondrial size (Fig. 7B) and several morphological parameters (Fig. 7, C-H) were highly (Ͼ1.0) skewed (Table 1) , suggesting the presence of mechanisms to actively preserve small mitochondrial sizes and specific morphology.
DISCUSSION
The existence of mitochondrial dynamics in intact skeletal muscle fibers largely remains to be established. Likewise, although mitochondrial morphology is known to be diverse in skeletal muscle fibers (4, 22) , the extent to which SS and IMF mitochondria differ is underappreciated and no prior study has systematically quantified normal parameters of mitochondrial morphology in both subpopulations. In this study, we report and quantify the extent to which outer mitochondrial membranes of adjacent organelles interact in mouse soleus muscle, forming electron dense contact sites [or junction sites (3, 4)]. Furthermore, using a combination of scanning and transmission EM in two orthogonal planes, we define for the first time distributions of morphological parameters among SS and IMF mitochondria, suggesting that mitochondrial morphology is not randomly distributed and therefore likely to be actively regulated.
Mitochondrial dynamics. Mitochondrial dynamics-or the ability of mitochondria to undergo fusion and fission processeshas emerged as a fundamental biological mechanism essential to mitochondrial function and cellular health (6, 39) . Following the identification of the proteins involved in mitochondrial morphology transitions in mammals-mitofusins 1 and 2 (Mfn1, Mfn2) and optic atrophy 1 (OPA1) for fusion; dynamin-related protein 1 (DRP1), mitochondrial fission factor (Mff) and fission protein 1 (Fis1) for fission-molecular genetic defects in some of these proteins have been shown to cause neuromuscular pathology in mouse and in human (8, 42) . These findings indicated that disrupting mitochondrial dynamics in vivo causes neuromuscular pathology. The prevailing interpretation of these results has been that mitochondria must therefore normally undergo regular fusion events (and fission) in myofibers in vivo. However, mitochondrial fusion proteins also perform other physiological function (e.g., tether mitochondria with endoplasmic reticulum for Ca 2ϩ dynamics, transcriptional regulation of respiratory chain genes) that are independent of mitochondrial morphology transitions (9, 10, 29) . Thus the pathological manifestations of altered fusion and fission proteins could arise independently from abnormal mitochondrial shape changes and should therefore not be regarded as definite proof of mitochondrial dynamics in vivo. Except for one preliminary report demonstrating the exchange of a mitochondria-targeted photo-activable probe between neighboring skeletal muscle mitochondria (24) , direct evidence of mitochondrial fusion in mature myofibers is lacking. Establishing whether mitochondrial membranes physically interact in vivo is a first step in addressing this point.
In the cytosol of cultured cells, including myoblasts [myogenic precursor cells (2)], mitochondria continuously undergo morphological changes on the order of seconds to minutes (36) . However, mitochondrial dynamics may differ, both qualitatively and quantitatively, between proliferating cultured cells and mature differentiated muscle fibers. Unique intracellular features in myofibers may prevent extensive mitochondrial dynamics, particularly the densely packed myofibrils and other organelles that populate the cytosolic space, which may hinder free organelle movement and extensive network remodeling as in cultured cells. In addition, the presence of soluble cytosolic factors has been proposed to inhibit mitochondrial fusion in differentiated cells. The observations from the current study [and previously (4) ] of mitochondrial contact sites, characterized by electron densities and complex organelle morphology, suggest that mitochondrial membranes do interact in vivo. On the basis of the recent finding that adjacent mitochondria in 8-wk-old mouse skeletal muscle can exchange matrix-located molecules (24) , this suggests that at least a portion of the contact sites observed could be the result of mitochondrial fusion processes. However, mitochondrial membrane contacts sites such as those reported herein could be the result of kiss-and-run behavior (20) , mitochondrial division (although unlikely), or other processes (e.g., ion or lipid transfer) that would involve contact between adjacent membranes (18a).
SS and IMF morphology and shape.
Because of known topological, functional and morphological differences between SS and IMF mitochondria, a significant portion of our analysis compared both mitochondrial subpopulations. Topologically, SS mitochondria are located beneath the plasma membrane often in proximity to myonuclei and capillaries; whereas IMF mitochondria are located at the core of myofibers between myofibrils (15, 21) . Functionally, differences have been observed when these two subpopulations are mechanically isolated and studied, although the isolation process yields only spherical organelles and may thus alter native mitochondrial morphology and function (27, 28) . Nevertheless, in preparations of isolated organelles, compared with IMF, SS mitochondria typically have lower oxidative capacity, produce lower levels of reactive oxygen species (rate of H 2 O 2 efflux), and are more sensitive to the proapoptotic event of permeability transition (1, 23, 32) . Morphologically, consistent with previous findings (16, 17, 22) , we observed that whereas SS mitochondria were for the most part isolated spherical units (although relatively elongated mitochondria were also observed), IMF mitochondria organize into a reticulum interconnected by transverse mitochondrial tubules near the Z-line (4, 17) .
Elongated mitochondrial tubules have been likened to "powertransmitting cables" capable of transmitting membrane potential and possibly other molecules (e.g., O 2 , ATP) along their length (33) . Continuous organelles coexisting within both SS and IMF compartments-mitochondrial linkages (17)-might fulfill such a role, allowing the exchange of information between SS mitochondria (which are in close contact with nuclei and capillaries) and IMF mitochondria. Another possibility to explain the existence of continuous SS-IMF mitochondrial linkages is that mitochondrial biogenesis principally takes place within the SS space and that "newly synthesized" mitochondria thereafter migrate to the IMF region.
The most novel aspect of our study lies in the detailed characterization of SS and IMF mitochondrial morphology, which reinforces the notion that SS and IMF mitochondrial morphology differ substantially and expand upon previous studies by providing detailed analysis of size and several morphological parameters. The skewed distributions of mitochondrial sizes and morphological parameters shown in Fig. 7 strongly suggest the presence of factors to regulate mitochondrial morphology. Considering mitochondrial size, if no factor controlled mitochondrial volume, one would expect that most mitochondria would be of a given "optimal" size (the mean), with an equal distribution of sizes on either side to produce a normal distribution (skewness ϭ 0, not skewed). Statistically, the random sampling of mitochondria from micrographs across the thickness of myofibers would likewise yield an equal distribution of values for sizes and morphological parameters. However, distribution of SS and IMF mitochondrial sizes were highly skewed (3.33 and 1.67, respectively), as were several other morphological parameters (see Table 1 ), indicating that mechanisms likely exist to regulate mitochondrial size and shape. Factors involved in determining mitochondrial shape could be passive, such as the presence of densely packed myofibrils that limit the lateral enlargement of IMF mitochondria, potentially explaining their larger aspect ratio (length/ width ratio) compared with SS mitochondria. The fact that SS mitochondria, which are not constrained by myofibrils exhibit normal distribution in roundness (skewness ϭ Ϫ0.01) but that IMF mitochondria exhibit significant skewness (0.78) supports this notion. In turn, active factors, such as selective mitochondrial fusion and fission processes (34a, 35) , or other unknown mechanisms, could actively participate in shaping nonnormal distributions of mitochondrial sizes and morphology observed among both SS and IMF mitochondria.
In our study, the mouse soleus was chosen because it is of relatively homogenous oxidative fiber-type composition (55% type I, 51% type IIa) (13) and also because it is extensively studied and thus well characterized biochemically and physiologically. Although mitochondrial topology may be preserved between oxidative and glycolytic fiber types (15) , fiber type differences in mitochondrial density (particularly SS) and reticular morphology (17, 22) and function (26) exist and should be taken into consideration when extrapolating these results to other models.
Methodological considerations. Significant obstacles to the study of mitochondrial morphology and mitochondrial dynamics through microscopy relates to space and time resolution.
Although light microscopy generally enables the imaging of a larger number of events/cells over time, conventional approaches employing fluorescent molecules are limited by the natural resolution limits of 200 nm (down to 70 nm on super-resolution platforms) of light microscopy, cannot discriminate between adjacent organelles or membranes, and therefore do not enable accurate quantification of mitochondrial morphology or interactions in skeletal muscle fibers. In turn, electron microscopy allows precisely to resolve mitochondrial membranes and to qualitatively assess interorganelle contact sites. However, EM-based approaches require tissue fixation and are thus bound to static observations of dynamic processes, a limitation that recent in vivo imaging techniques employing photo-activatable mitochondrial dyes are aiming to overcome (24) . Quantitative electron microscopy analyses similar to those described here, repeated at multiple consecutive time points through an intervention, should allow tracking of population-wide changes in mitochondrial morphology and contact site dynamics.
Historically, the complexities of skeletal muscle mitochondrial morphology and topology have been qualitatively de- Fig. 6 . Quantification of form factor and aspect ratio among SS and IMF mitochondria. Mitochondrial form factor and aspect ratio were quantified by manually tracing SS (A) and IMF (B) mitochondria, and plotted against each another. Electron micrographs numbered 1-4 correspond to individual mitochondria plotted above. Inset in A shows mean values and 95% confidence internal (CI) for form factor and aspect ratio among both SS and IMF subpopulations. *Denotes statistical significance (P Ͻ 0.01) compared to SS. n ϭ 505 SS and 563 IMF mitochondria.
scribed (4, 5, 16, 17, 22) , building from elegant studies performed 20 -40 years ago involving serial sections and threedimensional reconstructions of small portions of the mitochondrial reticulum in skeletal muscles of various species (4, 16) . Chronologically, these observations were made over two decades before mitochondrial dynamics emerged as a field of research and thus before it became established that mitochondrial interactions and dynamics bear functional significance for the cell (39) . The present study combined established electron microscopic approaches and modern tools derived from light microscopy to quantify mitochondrial morphology and interpreted its findings cognizant of the molecular mechanisms and potential functional consequences of mitochondrial dynamics. Although our results do not unequivocally establish the existence of mitochondrial dynamics in the intact muscle, they demonstrate that mitochondrial membranes interact and assume configurations consistent with mitochondrial dynamics. We hope that this work will contribute to establish that mitochondrial morphology (both SS and IMF) is unique and diverse in skeletal muscle and that systematic quantification of mitochondrial morphology and interactions in intact myofibers can be accomplished using standard TEM procedures and morphometric analysis.
Summary
In conclusion, this study reveals that mitochondrial morphology in mature myofibers consists of two divergent but interacting populations of mitochondria, for which we systematically quantified size and morphological parameters. This study provides new evidence that mitochondrial membranes interact in vivo and that factors may be involved in regulating SS and IMF mitochondrial size and morphology in the intact muscle. The molecular composition of mitochondrial contact sites remains to be established. Likewise, future studies will be required to determine the relationship between mitochondrial contact sites, potential remodeling of SS and/or IMF mitochondrial morphology, and skeletal muscle physiology.
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